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We use Raman scattering to investigate the size distribution, built-in strains and the crystalline
degree of Si-nanoclusters (Si-nc) in high-quality Si-rich oxynitride/SiO2 multilayered samples
obtained by plasma enhanced chemical vapor deposition and subsequent annealing at 1150 C. An
initial structural characterization of the samples was performed by means of energy-filtered
transmission electron microscopy (EFTEM) and X-ray diffraction (XRD) to obtain information
about the cluster size and the presence of significant amounts of crystalline phase. The
contributions to the Raman spectra from crystalline and amorphous Si were analyzed by using a
phonon confinement model that includes the Si-nc size distribution, the influence of the matrix
compressive stress on the clusters, and the presence of amorphous Si domains. Our lineshape
analysis confirms the existence of silicon precipitates in crystalline state, in good agreement with
XRD results, and provides also information about the presence of a large compressive stress over
the Si-nc induced by the SiO2 matrix. By using the Raman spectra from low temperature annealed
samples (i.e., before the crystallization of the Si-nc), the relative scattering cross-section between
crystalline and amorphous Si was evaluated as a function of the crystalline Si size. Taking into
account this parameter and the integrated intensities for each phase as extracted from the Raman
spectra, we were able to evaluate the degree of crystallization of the precipitated Si-nc. Our data
suggest that all samples exhibit high crystalline fractions, with values up to 89% for the biggest
Si-nc. The Raman study, supported by the EFTEM characterization, indicates that this system
undergoes a practically abrupt phase separation, in which the precipitated Si-nanoclusters are
formed by a crystalline inner part surrounded by a thin amorphous shell of approximately 1–2
atomic layers.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878175]
I. INTRODUCTION
Controlling the size of silicon nanocrystals embedded in
silicon oxides and/or silicon nitrides is a fundamental issue
for the development of active optoelectronic materials with
the desired electronic and optical properties.1–3 Among the
different existing techniques, the “silicon nanocrystal super-
lattice” approach, i.e., the deposition of alternated silicon-
rich oxide (SRO) and stoichiometric silicon dioxide layers
(SiO2) that are subsequently annealed at high temperatures,
has been shown to provide excellent control over the size of
the precipitated Si nanoclusters (Si-nc).4–6 During the
post-deposition annealing process, a phase separation occurs
driven by oxygen outdiffusion from the Si richest regions,
that leads to the formation of Si-nc. This phase separation
initially results in the precipitation of arbitrary structures
that, at later stages of growth, produces the growth of amor-
phous clusters sphere-like in shape and limited in size by ad-
jacent SiO2 barriers. The crystallization of those clusters
requires a large thermal budget that must be provided by
annealing temperatures in excess of 1000 C.7 For
sufficiently high thermal budgets, only a small region within
the Si-nc/matrix interface remains amorphous due to high
interfacial stress. The size of the amorphous and crystalline
regions, as well as their relative amounts, strongly depends
on both the deposition and subsequent annealing processes.
Large thermal budgets are typically employed to obtain
large, highly crystalline and interfacially relaxed Si-nc7,8
with reduced non-radiative recombination paths, which are
desirable for optoelectronic and photonic applications.
Some approaches have been used in the past for assess-
ing the crystalline degree of the precipitated Si-nc, typically
using transmission electron microscopy (TEM) techniques
under different configurations.8–10 Nevertheless, these
approaches involve a long and difficult sample preparation
that may also influence the structural properties of these sys-
tems. As an alternative to electron beam microscopies, non-
destructive optical techniques have also been employed to
monitor the precipitation process. However, these methods
are not able to accurately provide reliable determinations of
the crystalline degree of the Si-nc, and provide only rough
estimations of it.11–13 For instance, the intensity of the
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photoluminescence (PL) emission has been proved to be
directly related to the reduction of non-radiative paths (i.e., to
lower amounts of defects), showing an emission enhancement
for highly crystalline Si-nc.11,12 Nevertheless, only a relative
estimation of the crystallinity from sample to sample can be
performed by PL measurements, as the emission strongly
depends on the density of luminescent centers and the thick-
ness of the probed region, but with no information from non-
radiative recombination processes. Instead, Raman scattering
is highly sensitive to both crystalline and amorphous phases of
Si-nc. In fact, the amount of each phase in the Raman spectra
can be expected to be proportional to the integrated intensities
of the corresponding Raman bands. The different scattering
cross-section of both phases and its dependence on the Si-nc
size, however, make the evaluation of the crystalline degree of
the Si-nc complex. Bustarret et al. determined the relative
scattering cross-section of porous silicon as a function of the
porous size,14 which is useful for the calculation of the crystal-
line fraction. This approach has been widely employed in the
literature for estimating the crystalline fraction in porous sili-
con and also in silicon nanocrystals (see for instance Refs. 15
and 16, respectively). However, it has recently been shown
that this approach is highly inaccurate in the case of Si-nc.13,17
In this work, we use Raman scattering to evaluate the
crystalline fraction of Si-nc in high-quality samples consist-
ing of silicon-rich oxynitride/silicon dioxide (SRON/SiO2)
multilayers for different nominal SRON layer thickness.
The Si-nc were initially characterized by means of
energy-filtered transmission electron microscopy (EFTEM)
and X-ray diffraction (XRD), revealing the presence of order
arrangement of Si-nc with a notable crystalline phase. The
Raman spectra for the Si-nc were modeled by considering
phonon confinement effects and Gaussian-like functions for
the crystalline and amorphous phases, respectively. In addi-
tion, using low temperature annealed (LTA) samples con-
taining totally amorphous Si-nc, the relative scattering
cross-section between the crystalline and amorphous phases
was evaluated and modeled as a function of the crystalline Si
domains. The determination of the relative cross sections
allowed us to further evaluate the crystalline fraction of the
precipitated Si-nc as a function of sizes. Our data and line-
shape analysis suggest that all the samples annealed at high
temperatures exhibit high crystalline fractions, thus confirm-
ing the good crystalline quality of the precipitated Si-nc.
II. EXPERIMENTAL DETAILS
SRON/SiO2 multilayers have been deposited at 375
C
on fused silica substrates by means of plasma-enhanced
chemical-vapor deposition (PECVD). In all samples, the
thickness of the SiO2 layers (tSiO2) was kept constant at
2 nm, whereas the thickness of the SRON layers (tSRON) was
varied with nominal values of 2, 3, 4, and 5 nm. The total
number of SRON/SiO2 bilayers for all samples was 100,
leading to a total nominal sample thickness of 400, 500, 600,
and 700 nm (for SRON layer thicknesses of 2, 3, 4, and
5 nm, respectively). The stoichiometry of the silicon rich
layers was SiO0.93N0.23, that produces a silicon excess of
17 at. % in the silicon-rich region. The precipitation of the
silicon excess in the SRON layers was achieved by a post-
deposition annealing process in a quartz tube furnace for 1 h
under a N2 atmosphere. Two identical sets of samples have
been annealed at either 900 C or 1150 C, to produce amor-
phous and highly crystalline Si nanoclusters, respectively.
Further details on the fabrication process can be found in Ref.
11. The absorption coefficient of low- and high-temperature
annealed samples was determined by reflectance and transmit-
tance measurements using the integrating sphere of a
Bentham PVE300 photovoltaic spectral response system.
Prior to their study, the high temperature annealed
(HTA) samples were cut in two pieces, one for performing
TEM and another for XRD and Raman scattering measure-
ments. In the case of TEM, samples were submitted to a me-
chanical polishing to a thickness below 20 lm followed by
ion milling to electron transparency. EFTEM measurements
were carried out in those samples using a JEOL 2010F TEM
system operating at 200 keV and coupled to a Gatan Imaging
Filter (with an energy resolution of 0.8 eV). The Si contrast
was enhanced by energetically filtering the TEM image,
selecting only the electrons with an energy loss within a win-
dow around the Si plasmon energy (ESi¼ 17 eV). The size
distribution of the precipitated Si-nanoclusters is, therefore,
directly extracted from the analysis of the EFTEM images.
The crystalline ordering of the precipitated Si excess
was monitored in the other pieces of the HTA samples by
using XRD and Raman scattering techniques. In the case of
XRD measurements, grazing-incidence X-ray diffraction
(GIXRD) scans were acquired with a Panalytical X’Pert
PRO MRD powder diffractometer equipped with a real-time
multiple strip PIXcel detector. The measurements were per-
formed with CuKa radiation (k¼ 0.15406 nm) by using a
parallel beam geometry, with a constant angle of incidence
of 0.3. Rietveld full-pattern analyses were performed with
the TOPAS 4.2 program (Bruker AXS, 2003–2009) in order
to evaluate the lattice parameter and the size of the nanocrys-
tals. For the analyses, the broad XRD band arising from the
amorphous SiO2 matrix was fitted with a split pseudo-Voigt
(SPV) function, while a first-order polynomial function was
used to fit the background signal.
Raman measurements were carried out using the
532-nm line from the second harmonic of a Nd3þ:YAG
continuous laser. The Raman spectra were collected by an
optical microscope from a Horiba Jobin-Yvon LabRam spec-
trometer, using an objective of 100 magnification and ana-
lyzed by a highly sensitive CCD camera. The employed
configuration provides a spatial resolution <1 lm that allows
focusing the laser beam onto the SRON/SiO2 films, once the
samples are positioned under the objective in a cross-section
configuration. In this way, an equivalent depth of SRON of
about 2 lm is explored, achieving a strong signal enhance-
ment from the Si-precipitates (and, in turn, reducing the rela-
tive signal from the fused silica substrate).
III. RESULTS AND DISCUSSION
A. Structural characterization
In Fig. 1, we display the EFTEM images of the HTA
samples with different SRON layer thicknesses. As the
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transmitted electrons have been energetically filtered around
the Si-plasmon, the bright contrast in the images corresponds
to Si-precipitates, whereas the dark areas are associated with
an environment of SiO2. The images show two main features
that are common for all four annealed samples: the precipita-
tion of Si-nanoclusters and an increasing ordered arrange-
ment of these Si structures at thicker tSRON. It is important to
mention here that the Si-nanoclusters are present only in the
SRON layers that were intentionally deposited with a silicon
excess. Therefore, the thickness of the SRON layers allows
for controlling the final size of the aggregates, as previously
reported.18 On the other hand, the dark contrast of about
2 nm in thickness corresponds to the SiO2 barrier layers,
which is indicative that these regions maintain their stoichi-
ometry even after the high temperature annealing11 and,
thus, the multilayered structure is conserved (transmitted
electrons through dark areas present an energy loss of
23 eV, which is typical from pure SiO2).
Using the data shown in Fig. 1, together with some other
images acquired in different regions along the samples, we
have been able to determine the size diameter distribution of
the Si-clusters for each of them. We have found that the size
statistics follows a log-normal distribution with the form:
f ðL0;clu; rcluÞ / e
 lnL0;clulnLcluð Þ
2
2r2
clu
 
; (1)
where Lclu and L0,clu correspond to the cluster size and mean
cluster size, respectively, whereas rclu refers to the size dis-
persion in the log-normal distribution. The HTA sample with
tSRON¼ 2 nm shows a mean size of L0,clu¼ 2.4 nm with a dis-
persion of rclu¼ 0.11. The fact that the Si clusters present a
bigger size than the SRON layer thickness clearly indicates
that some Si atoms have penetrated inside the SiO2 barrier
layers, making thinner and thicker SiO2 and SRON layers,
respectively, (tSRON 2.4 nm and tSiO2 1.5 nm). For the
rest of the samples, we observed that the cluster size is
slightly lower than the nominal thickness of the SRON layers
and, thus, the final SiO2 layer thickness between adjacent
Si-nanocluster layers is slightly larger. Overall, the four sam-
ples display a narrow size distribution (rclu 0.1), with a
mean cluster size that scales with the nominal thickness of
the SRON layers, displaying values of 2.4, 2.8, 3.3, and
4.1 nm, for tSRON¼ 2, 3, 4, and 5 nm, respectively. In
Table I, we have summarized the extracted data from
EFTEM measurements.
XRD measurements have also been performed on the
same HTA samples. Figure 2 shows a GIXRD scan from the
sample with tSRON¼ 5 nm. In addition to the broad and
intense background signal arising from the SiO2 substrate,
centered just above 20 in 2h, weak diffraction peaks corre-
sponding to the (111), (022), and (311) reflections of Si are
visible at around 28.6, 47.5, and 56.4, respectively.
Similar XRD scans were obtained for the rest of structures
with the exception of the sample with tSRON¼ 2 nm, which
did not display any clear feature from Si-nc due to the strong
contribution from the SiO2 matrix.
Rietveld analyses allowed us to evaluate the lattice pa-
rameter (aXRD) and the X-ray coherence length (LXRD) of the
nanocrystals. The inset of Fig. 2 shows the results of the
Rietveld fits for the samples with tSRON¼ 3 and 5 nm. Note
that, for scaling reasons, the XRD signal from the SiO2 ma-
trix, fitted with a pseudo-Voigt function, has been subtracted
from the spectra. As can be seen in this figure, good
FIG. 1. Cross-section EFTEM images of samples with different nominal SRON thickness: (a) 2 nm, (b) 3 nm, (c) 4 nm, and (d) 5 nm.
TABLE I. Size distribution of the Si-nanoclusters and their crystalline fraction in HTA samples as determined by either EFTEM, XRD or Raman measure-
ments. The lattice parameter (aXRD) was obtained from Rietveld full-pattern analyses of the XRD scans, from which the effective hydrostatic stress on the Si
nanoclusters, P, was further evaluated.
EFTEM XRD Raman
Nominal SRON
thickness (nm) tSRON
Mean cluster
size (nm), L0,clu
log-Normal
rclu aXRD (A˚)
Crystalline size,
LXRD (nm)
PXRD
(GPa)
Mean crystalline
diameter (nm), L0,cry
Log-Normal
rcry
PRaman
(GPa)
2 2.4 0.11 … … … 1.9 0.11 1.1
3 2.8 0.13 5.416 2.2 1.0 2.6 0.08 0.3
4 3.3 0.09 5.428 2.6 0.2 3.1 0.07 0.09
5 4.1 0.10 5.431 3.2 0.0 4.0 0.06 0
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agreement between the experimental and the calculated
scans was found.
In the middle columns of Table I, the nanocrystal size
and the lattice parameter (aXRD) obtained from the Rietveld
analyses for the samples with tSRON¼ 3, 4, and 5 nm, are
shown. In spite of its relatively poor sensitivity in relation to
other analytical techniques, the XRD results confirm that the
lattice parameter of the Si-nc decreases with tSRON. This ob-
servation may be associated to increased matrix-induced
compression of the Si-nc when their size is reduced.9 Using
the bulk modulus of Si, B0¼ 98GPa,19 the effective hydro-
static stress on the Si-nc can be evaluated with the expression
P¼3B0Da0/a0, where a0¼ 5.431 A˚ (Ref. 19) is the lattice
parameter of bulk Si, and Da0¼ aXRD a0. As can be seen
in the table, the XRD results suggest that effective pressures
as large as 1.0GPa are applied to the Si-nc with
tSRON¼ 3 nm.
The Rietveld analysis also allows obtaining a rough esti-
mation of the crystalline size of the Si-nc from the X-ray co-
herence length (LXRD). We find that LXRD gets reduced with
decreasing the nominal SRON thickness, tSRON. The mean
sizes thus obtained are slightly lower than the ones deter-
mined by EFTEM, which might be related to the fact that the
Si-nc contain a sizable proportion of amorphous material.
B. Raman scattering of Si-nc
Raman scattering measurements were also performed
using the same set of HTA samples in order to extract further
information about the crystalline state and size distribution
of the nanoprecipitates. In Fig. 3, we present the Raman
spectra in the optical phonon range of Si for multilayered
samples with different nominal tSRON. Two main features
can be observed in all the spectra: a broad band in the range
from 400 to 500 cm1 and one sharp peak at around
520 cm1, which are related to Si disorder-activated acous-
tical and optical modes and to the Si crystalline transversal–
longitudinal optical (TO-LO) phonon, respectively.7
Moreover, some contribution from SiO2 (either coming from
the substrate or from the matrix) is still present in our spec-
tra, even after using a cross-section configuration to acquire
them. Despite the fact that the Raman signal of SiO2 exhibits
a low relative intensity in comparison to the signal coming
from our Si-nanoclusters, this contribution is still relevant
for the sample with the thinnest SRON layers (its Raman
spectrum is alike to the one from pure SiO2, with the addi-
tion of weak amorphous and crystalline Si contributions).
The presence of a disorder mode band in all the spectra
is an indicator of the amorphous state of some Si aggregates,
while the Si TO-LO mode, which is also observed in all the
samples, provides a direct evidence of the presence of Si-
precipitation in crystalline state (in agreement with XRD
analysis). Therefore, these two contributions (amorphous
and crystalline) are originated in different arranges of Si
atoms within the matrix (i.e., different phases) and can be an-
alyzed independently.
1. Crystalline contribution
First of all, let us consider the Si-related crystalline con-
tribution to the overall Raman signal. One can observe in
Fig. 3 that the intensity of the TO-LO mode rapidly increases
with the SRON thickness (i.e., with the size of the Si-precipi-
tates), which may be directly associated with an increase of
the scattering volume for larger Si-nc. Nevertheless, the
position and lineshape of the TO-LO mode is modified from
sample to sample, displaying a broadening at lower frequen-
cies and a shift to higher frequencies as the SRON thickness
is reduced. Actually, the asymmetric lineshape is a conse-
quence of the confinement of phonons inside the crystalline
structures with sizes of about some nanometers, whereas the
shift to higher frequencies is an effect caused by a high com-
pressive stress applied to the Si-nc by the SiO2 matrix (an
additional shift to lower frequencies of some cm1 is also
produced by phonon confinement effects).7,13 By analyzing
the lineshape and position of the crystalline mode, it is possi-
ble to extract information about the crystalline size of Si-nc
and the stress field to which they are submitted.
FIG. 2. Grazing-incidence X-ray diffraction scans of the SRON/SiO2 multi-
layered sample with tSRON¼ 5 nm. In the inset, the results of the Rietveld
fits for the samples with tSRON¼ 3 nm and 5 nm are shown, together with the
experimental XRD scans after subtracting the contribution from the SiO2
substrate.
FIG. 3. Raman spectra of samples with different nominal SRON layer thick-
ness of 2, 3, 4, and 5 nm, acquired under cross-section configuration. The
vertical dashed line indicates the Raman shift corresponding to bulk crystal-
line silicon.
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The Raman lineshape of the crystalline component of
Si-nc under stress can be modeled using the phonon confine-
ment theory modified by Crowe et al.,13 assuming that the Si
phonons are confined in hard spheres with a penetration into
the surrounding SiO2 matrix determined by their wavefunc-
tion decay [a, that is equal to 3 (Ref. 13)]. In this context, the
Raman lineshape can be expressed as7,13
I x; q; L; að Þ /
ð1
0
exp½ð2pqL=aÞ2= 2a2ð Þ
 ½ x x qð Þð Þ2 þ Cð Þ21q2dq; (2)
where x is the Raman shift, C is the phonon damping, q is
the reduced phonon wavevector, and L is the diameter of the
crystalline domains. The phonon dispersion xðqÞ is derived
from the Brout sum rule to remove any anisotropy of the op-
tical phonons in bulk silicon, modified to include a correc-
tion that accounts for the phonon pressure behavior7,13
x q;Pð Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x0ðPÞ2  Aq
2
qþ 0:53
s
; (3)
where A is to 1.261 105 cm2 and x0ðPÞ ¼ 521
þ 4.9P(GPa) cm1 takes into account the pressure dependence
of the zone-center TO-LO mode.19 Introducing the possibility
of having a log-normal size distribution also for crystalline
domains, the total Raman lineshape can be expressed as a con-
volution of the contributions from the different sizes
I x; q; L; L0;cry; rcry; a;Pð Þ
/
ð1
0
I x; q; L; að Þ  f L0;cry ; rcryð Þdq; ð4Þ
with L, L0,cry, and rcry being the size distribution, mean crys-
talline size, and size dispersion, respectively, in the
log-normal distribution of crystalline sizes.
Using this model we have fitted the crystalline part of
the Raman spectra (from 490 to 560 cm1) of all samples by
considering as free parameters the mean crystalline size
L0,cry, the crystalline size dispersion rcry and the pressure P,
including also a second-order polynomial function as a back-
ground to account for possible amorphous contributions. The
initial guess of the fits for the effective pressure values
applied by the SiO2 matrix to the Si-nc has been taken from
the XRD results. It is worth mentioning that the phonon
damping coefficient (C) has been maintained constant at
10.5 cm1 for all samples, as it has been found to be the
value that better fits all the spectra. Actually, this value is
much larger than the one we obtained for bulk silicon under
the same experimental conditions, 3.5 cm1, which indicates
reduced phonon lifetimes in the Si-nc.
In Fig. 4, we have plotted the resulting lineshape fits, in
comparison to the experimental data. An excellent agree-
ment between calculated and experimental curves is
achieved for all samples, as can be observed in the figure.
We have estimated the mean crystalline size from the fits,
which show that the mean size L0,cry increases with the
SRON thickness: the values thus obtained are L0,cry¼ 1.9,
2.7, 3.1, and 4.0 nm (60.2 nm) for tSRON¼ 2, 3, 4, and 5 nm,
respectively. The log-normal size broadening rcry displays
the opposite behavior, with narrower crystalline distributions
for thicker SRON (see Table I). Moreover, the frequency
shifts associated to hydrostatic compressive stress suggest
reduced pressure values as the Si-nc size is increased (see
Table I). The observed evolution with tSRON is in good
agreement with the XRD results. Nevertheless, the values
obtained with the two techniques are somewhat different,
which may be probably attributed to the fact that we have
considered, as a first approximation, the properties of bulk Si
(phonon pressure coefficient and bulk modulus) to model the
compression of the Si-nc embedded in a matrix with much
larger compressibility.4,9,21 Experimental observations of
compressive stress in matrix-embedded Si-nc have been
reported by some authors by using XRD,4 Raman scatter-
ing,7,22 and also other experimental techniques such as pho-
toluminescence20,23 or high-resolution TEM.24 Typical
pressures for Si-nc embedded in SiO2-based matrices are
around some GPa or lower, which is in perfect agreement
with the present results. In Table I, we have also summarized
the values from crystalline size distribution and the pressures
obtained with the Raman analysis.
Comparing the size values that were determined by
EFTEM and Raman measurements, we find a slightly
smaller size for the crystalline domains as obtained from the
Raman analysis with respect to the total cluster size, with a
difference of 0.120.14 nm for tSRON¼ 3, 4, and 5 nm, and
slightly larger for tSRON¼ 2 nm (0.5 nm). These data seem
to suggest that the Si clusters are almost completely crystal-
lized, exhibiting a thin amorphous layer in the interphase
between Si and SiO2. Nevertheless, a deeper analysis of the
Raman data is required in order to properly determine the
crystalline degree of the precipitated Si clusters.
FIG. 4. Experimental Raman spectra of the crystalline part for samples with
tSRON¼ 2, 3, 4, and 5 nm (black dots), compared to the obtained fits using the
expression of phonon confined modes described in the text (blue solid-line).
The short-dashed lines correspond to a polynomial background, whereas the
long-dashed ones refer to the confined crystalline contribution.
203504-5 Hernandez et al. J. Appl. Phys. 115, 203504 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
161.116.163.15 On: Fri, 27 Jun 2014 07:31:32
2. Degree of crystallinity of the Si-nc
By analyzing the disorder band related to amorphous
phases that appears in the range of optical modes
(350–500 cm1, see Fig. 3), further information can be
extracted from the Raman spectra. This contribution can be
modeled by assuming that each branch of Si optical phonons
from the first Brillouin zone contributes to the overall Raman
signal due to the relaxation of k  0 the selection rule, with a
Gaussian-like lineshape.25 In this way, and using the phonon
dispersion curves of bulk Si, the Raman signal in the fre-
quency range where our spectra were acquired (from 350 to
600 cm1) can be deconvoluted into three Gaussian-like con-
tributions: one from disorder activated longitudinal acoustic
modes (DALA) and two from optical modes (the disorder
activated TO and LO modes, DATO and DALO, respec-
tively). In Fig. 5, we present the Raman spectrum of a LTA
SRON/SiO2 sample that solely contains amorphous Si. The
three contributions obtained for this sample, one acoustic and
two optical (also shown in the figure), will be used below to
take into account the Raman signal from amorphous Si.
It is worth noticing that the overall Raman intensity aris-
ing from amorphous Si aggregates is much larger than the
equivalent one from crystalline systems, about one order of
magnitude for the sample with tSRON¼ 5 nm. In the inset of
Fig. 5 we have depicted the Raman spectra, acquired under
the same conditions, of this particular sample before and af-
ter HTA. Note that the higher intensity from the amorphous
Si-clusters compared to the one from nanocrystalline Si evi-
dences that the scattering cross-section is much larger for
amorphous Si. Later, we will evaluate the scattering
cross-section of both amorphous and crystalline Si in order
to estimate, from the lineshape analysis of all the contribu-
tions that appear in the Raman spectra, the degree of crystal-
linity of Si-nc.
Thus, a deconvolution in the fitting routine of the
Raman spectra of the SRON/SiO2 multilayered samples has
been performed by including the three Gaussian-like
amorphous contributions and taking into account the previ-
ously determined crystalline contribution (see Fig. 6 and
Secs. III B and III B I). The intensity factors of the three dif-
ferent amorphous contributions have been left as free param-
eters in the numerical calculation, whereas their position and
their broadening have been taken from the deconvolution of
amorphous Si (an interval within 5% of uncertainty was con-
sidered in the fitting procedure to account for possible distor-
tions that may affect their lineshapes and positions). A small
contribution from the SiO2 matrix has also been taken into
account by including the unpolarized Raman spectrum of
SiO2 with an intensity factor as a free parameter. Although
the contribution from the matrix is very small, we found that
the best accordance between calculated and experimental
curves was achieved when this contribution was taken into
account.
From the fits (see Fig. 6), using the data from the crys-
talline and amorphous contributions, we have evaluated the
integrated intensity ratio, Ira, between the amorphous modes
(i.e., the three disorder optical bands, with overall intensity
equal to Ia) and that of the TO-LO band arising from crystal-
line Si (Ic): I
r
a ¼ Ia=Ic. Following this procedure we extracted
Ira values equal to 1.18, 1.15, 1.16, and 1.16 for tSRON¼ 2, 3,
4, and 5 nm, respectively. These relative intensities can then
be used to evaluate the crystalline fraction fc of the system
by using the relation14
fc ¼ 1
1þ cIra
; (5)
which considers that the amount of each phase is propor-
tional to its integrated intensity, once corrected for the differ-
ent scattering cross-section. The factor c is defined as the
relative Raman cross-section of crystalline Si with respect to
its amorphous phase and enters in Eq. (5) to include the
FIG. 5. Raman spectrum from amorphous Si of LTA sample with
tSRON¼ 5 nm (black dots), compared to the best fit (blue solid line) once
deconvoluted into three different contributions, one acoustic (DATA, green
dash-dotted line) and two optical (DATO and DALO, red dashed lines). In
the inset, a comparison between the Raman spectra of the same sample
before (blue solid line) and after (red dashed line) the annealing treatment at
1150 C is displayed.
FIG. 6. Experimental Raman spectra in the range of Si optical phonons for
samples with tSRON¼ 2, 3, 4, and 5 nm (black dots), together with the best
fits (blue full line) obtained by using the lineshape provided by the
phonon-confined modes (red dashed line) and including Gaussian functions
to account for the optical amorphous contributions (red short-dashed lines),
as described in the text.
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different Raman scattering efficiencies of both phases. In the
case of bulk Si, it has been reported that the Raman cross-
section of crystalline Si is one order of magnitude lower than
in each amorphous phase (i.e., c ¼ 0:1),14,26 which is in
agreement to what is observed in the inset of Fig. 5 for
tSRON¼ 5 nm. This effect is due to the consequence of the
scattering process of phonons with k 6¼ 0. In the case of
Si-nc, the relative Raman cross-section strongly depends on
the crystalline size, as first reported by Bustarret et al.14
According to their work, the effect of crystalline size cannot
be neglected to assess the total amount of phase transformed
from amorphous to crystalline Si after the annealing process
and, in turn, to evaluate the resulting crystalline fraction. For
this reason, the relative cross-section c for each sample was
first determined from the Raman spectra of LTA and HTA
samples by considering the amount of amorphous phase that
is transformed into crystalline one. The integrated intensity
of amorphous modes was measured in the same samples
before the HTA treatment (i.e., in samples annealed at
900 C to limit the growth process to only an amorphous
state) and afterwards. The intensity of the amorphous contri-
bution has been compared to the integrated intensity of the
crystalline modes in the annealed samples, after subtraction
of the reminiscent Si-amorphous contributions and correct-
ing for absorption effects. Under these considerations, the
relative cross-section c can be calculated in terms of the
expression
c ¼ a
c 1 e2acdlightð Þ
Ir;aa aa 1 e2aadlightð Þ  Ir;ca ac 1 e2acdlightð Þ
; (6)
where the relative scattering volumes are taken into account
in terms of the absorption coefficients and the penetration
depth imposed by the experimental set-up (dlight). In Eq. (6),
Ir;aa and I
r;c
a are the relative integrated intensities of the amor-
phous phases with respect to the crystalline ones as respec-
tively obtained in LTA and HTA samples, whereas aa and ac
are the corresponding absorption coefficients of each kind of
samples (see Table II). The superscripts a and c refer to the
samples annealed at low temperatures (amorphous Si) and
after the HTA treatment (highly crystalline), respectively. In
our measurements, it can be assumed that the light penetra-
tion dlight with the employed Raman configuration was
limited to 2 lm, which is mainly determined by the width of
the entrance slit of the spectrometer (at 100 lm) that works
also as a pin-hole. It is worth mentioning that the absorption
coefficients at the probed wavelength (532 nm) were experi-
mentally determined in the studied samples (LTA and HTA
ones) by using standard reflectance and transmittance meas-
urements. We found values of the absorption coefficient that
are in good agreement with the ones obtained in similar sys-
tems (see for instance Ref. 27).
No reliable amorphous signal coming from the LTA
sample with tSRON¼ 2 nm was obtained, as the Raman spec-
trum exhibits a strong background that masks the signal
coming from amorphous Si-aggregates. For the rest of the
samples, there is an increase of the relative scattering
cross-section as the SRON layers get thinner (i.e., for smaller
Si-nc), taking values of c¼ 0.178, 0.135, and 0.104 for sam-
ples with tSRON¼ 3, 4, and 5 nm, respectively (these results
are summarized in Table II).
To obtain information about the dependence of c on the
crystalline size, we have fitted these experimental results to
an exponential decay dependence c Lcryð Þ ¼ c 1ð Þ þ ½c 0ð Þ
c 1ð Þ  exp  LcryLeff
h i
, equivalent to the one proposed by
Bustarret et al.14 Imposing that the relative scattering cross-
section of very small crystalline domains is equal to that
from amorphous aggregates [c 0ð Þ ¼ 1], and assuming that
the one related to very large crystalline domains coincides
with bulk Si [c 1ð Þ ¼ 0:1],14,26 we can restrict the degrees of
freedom to only one parameter, that corresponds to the expo-
nential decay factor Leff . In Fig. 7(a), we present the experi-
mental data of c as a function of the Si-crystalline size,
together with the best fit of the exponential decay. An
TABLE II. Absorption coefficient and relative integrated intensities of the
amorphous phases (with respect to the crystalline contribution) for amor-
phous and partially crystalline samples with different SRON thickness (col-
umns 2–3 and 4–5, respectively). The relative scattering cross-section c
(column 6) was calculated from the previous data. The crystalline fraction of
each annealed sample (last column) has been evaluated by considering the
relative integrated intensity Ir;ca and the corresponding c values.
tSRON (nm) aa (cm
1) ac (cm1) Ir;aa I
r;c
a c fc (%)
2 6.9 102 5.2 102 … 1.16 0.235a 78
3 2.6 103 5.9 102 5.00 1.16 0.178 83
4 4.5 103 1.2 102 4.73 1.15 0.135 87
5 6.1 103 1.6 102 2.82 1.18 0.104 89
aValue extrapolated from the fitted curve. The rest of the c values were
determined from ac, ac, Ir;aa , and I
r;c
a .
FIG. 7. (a) Relative Raman scattering cross-section c of crystalline Si with
respect to its amorphous phase as a function of the crystalline size. The red
points are the experimental data, while the blue solid line corresponds to the
function c Lcryð Þ ¼ 0:1þ 0:9 exp Lcry½ . The black dashed line indicates c
for the sample with thinner SRON layers (Lcry ¼ 1:9 nm). (b) Calculated
crystalline fraction for the annealed samples, using the Ira and c values from
Table II. The shaded region indicates the crystalline fraction of ideally
spherical Si-nc with an amorphous shell between 1 (upper limit) and 2
atomic layers (lower limit).
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exponential decay factor of Leff ¼ 1 nm perfectly reproduces
our experimental data. The curve thus obtained allows us to
estimate also the relative Raman cross-section for the sample
with the smallest Si-crystalline domains [i.e., cð1:9 nmÞ
¼ 0:235]. This value has been included both in Table II and
in the figure (dashed lines).
The determined relative Raman scattering cross-section
c turns out to have values close to that of bulk Si for crystal-
line sizes larger than Lcry ¼ 4 nm (see also inset of Fig. 5),
while it rapidly increases when the size of the crystalline
domains is reduced. This behavior is in contradiction to that
previously suggested by Bustarret et al. in porous Si,14 where
a decay function with a much longer decay factor of Leff ¼
25 nm was obtained. The latter yields c values very close to
1 for sizes of some nanometers in diameter (typical of
Si-nanocrystals employed in electro-optical studies/applica-
tions),3 overestimating the amorphous contribution in com-
parison to the crystalline one and, in turn, yielding also
underestimated crystalline fractions (see below).7
Indeed, the relative Raman scattering cross-section c al-
ready determined can be used to assess the crystalline frac-
tion fc by using Eq. (5) together with the relative amorphous
integrated intensity Ira extracted from the Raman spectra of
the annealed samples. In Fig. 7(b), we present the crystalline
fraction as a function of the crystalline size for the four
annealed samples with different SRON layer thickness. We
find high crystalline fractions for all samples, which exhibit
fc values of 78%, 83%, 87%, and 89% for samples with
tSRON¼ 2, 3, 4, and 5 nm, respectively. Thus, it is concluded
that fc increases with tSRON. Considering that our Si-nc are
formed by a crystalline core surrounded by an amorphous
shell (core-shell model10), the crystalline fraction can provide
a direct relation between the crystalline size and the total
cluster size, i.e., fc ¼ L0;cryL0;clu
 3
. Using these assumptions
and the mean crystalline sizes as extracted from the Raman
band arising from crystalline Si, we have estimated the total
cluster size. The values thus extracted are equal to 2.1, 2.8,
3.3, and 4.2 nm for tSRON¼ 2, 3, 4, and 5 nm, respectively.
These values are in excellent accordance to our experimental
EFTEM data (see Table I, where Lclu values of 2.4, 2.8, 3.3,
and 4.1 nm are reported in column 2), which suggests that the
employed method provides a reliable evaluation of the crystal-
line fraction in Si-nc. The sample with the smallest Si-nc
shows the largest deviation between both experimental techni-
ques, probably due to the larger uncertainty associated with
the small crystalline domains in this sample.
Together with the experimental data from the four sam-
ples, we plotted in Fig. 7(b) the crystalline fraction obtained
for ideally spherical Si-nc composed by a crystalline core
surrounded by an amorphous shell between 1 and 2 Si atomic
layers (highlighted in grey).19 As can be seen in the figure,
all our values lie within this region, suggesting that the tran-
sition between nanocrystalline silicon and the SiO2 matrix is
practically abrupt. These results are in apparent contradiction
with the estimated transition shell thickness reported by
Daldosso et al.,28 of about 1 nm. However, their samples
consisted of a 200-nm Si-rich oxide, which may not con-
strain the Si atoms diffusion towards the surrounding SiO2
matrix, thus forming a thicker amorphous region. Moreover,
their theoretical model consisted of a relaxed structure, with-
out considering the influence of the matrix stress exerted on
the Si-nc. Actually, the presence of a very thin amorphous
shell that surrounds the crystalline core is in perfect agree-
ment with the conclusions of Ref. 9, where the transition
shell was found to strongly depend on the Gibbs free energy,
which, in turn, is highly influenced by the interfacial stress.
Besides, in that work the interfacial stress over the nanoclus-
ters was found to exponentially decrease when the crystalline
size was increased, giving rise to a reduction of the thickness
of the amorphous transition shell. This result, in agreement
with our XRD and Raman results, implies increased crystal-
line fractions in crystalline Si-nc of increased sizes.
Overall, the results presented in this work confirm the
good crystalline quality of Si-nc prepared with the multilayer
approach, and also firmly support the non-destructive evalua-
tion by the Raman-scattering technique of the structural
properties of Si-nc based materials.
IV. CONCLUSIONS
Multilayers consisting of alternated SRON and stoichio-
metric silicon oxide layers were deposited on fused silica
substrates by means of PECVD, varying the thickness of the
SRON layers from 2 to 5 nm. The precipitation and crystalli-
zation of the silicon excess from the SRON regions into Si-
nc was achieved by a high temperature annealing. EFTEM
measurements showed the good structural properties of the
resulting nanostructures, with Si-nc sizes proportional to the
nominal SRON layer thickness. In turn, XRD measurements
confirm the crystalline state of the precipitated Si-nc, sug-
gesting also that these precipitates are subject to a matrix-
induced compressive stress. The Raman spectra performed
in all the samples were analyzed by considering contribu-
tions from crystalline and amorphous phases, using a phonon
confinement model and Gaussian-like functions, respec-
tively. By using samples containing amorphous Si-nc, the
relative scattering cross-section of amorphous and crystalline
phases was evaluated. Finally, the crystalline fraction was
determined from the integrated intensities of each phase and
considering their relative scattering cross-section. We found
crystalline fractions larger than 80% in most samples that
scale with the NC size, which is compatible with an amor-
phous shell thickness between 1 and 2 atomic layers.
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